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(54) Optical fiber, optical transmission line and dispersion compensating module 



(57) Proposed are a dispersion compensating fiber 
anH an oritjca! transmission system that can, using a 
short length of the fiber, compensate the chromatic dis- 
persion and the dispersion slope of a non-zero disper- 
sion shifted fiber whose chromatic dispersion is +2 
ps»nnrv 1 »knrr 1 to +10 psmnr 1 »krrr 1 and whose disper- 
sion slope is +0.04 ps^nnv^krrr 1 to +0.12 ps*nm' 2 »km' 1 



at 1 550 nm. In the optical transmission system 1 , an op- 
tical transmission line 30 that consists of a dispersion- 
shifted fiber 31 and a dispersion compensation fiber 32 
is installed between stations 1 0 and 20. The dispersion 
compensating fiber 32 has the chromatic dispersion of 
-250 ps •nm" 1 • knrr 1 ~ -40ps • nm* 1 • km- 1 and the dis- 
persion slope of 0.015 psmrrr^knrr 1 - 0.030 
ps»nrTr 2 »krrr 1 at 1550 nm. 
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Description 

Background of the Invention 
Field of the Invention 

[0001] The present invention relates to a dispersion 
compensating optical fiber that compensates the chro- 
matic dispersion and the dispersion slope of a disper- 
sion-shifted optical fiber, an optical transmission line 
that includes the dispersion -shifted optical fiber and the 
dispersion compensating optical fiber, and a dispersion 
compensating module made of the dispersion compen- 
sating optical fiber. 

Related Background Arts 

[0002] In order to increase the transmission capacity 
in a Wavelength Division Multiplexing (WDM) transmis- 
sion system, it is important to lessen the absolute mag- 
nitude of the cumulative chromatic dispersion of an op- 
tical transmission line as much as possible at a broad 
optical signal spectrum band. Generally, an attempt is 
made to reduce the absolute magnitude of the cumula- 
tive chromatic dispersion of an optical transmission line 
in a wide wavelength range by producing an optical 
transmission line by connecting plural kinds of optical 
fibers because it is difficult to do so in an optical trans- 
mission line using only one kind of optical fiber. 
[0003] For example, Japanese Patent Application 
Laid-Open No. 6-11620 discloses a technique to reduce 
the absolute magnitude of the cumulative chromatic dis- 
persion in the 1 .55 u.m wavelength band by connecting 
a standard single-mode fiber (SMF) which has a zero 
dispersion wavelength in the vicinity of the 1310 nm 
wavelength and which has a chromatic dispersion of 
about 15 ps • nnr 1 • km -1 at the 1550 nm wavelength 
and a dispersion compensating fiber (DCF) which com- 
pensates the chromatic dispersion of the single mode 
fiber at the 1550 nm wavelength. It is set forth that in 
order to reduce the absolute magnitude of the cumula- 

in a broad wavelength range that includes the 1 550 nm 
wavelength, the relationship (S^p/Drx^) = (S SMF / 
D SMF ) should be satisfied, when D SMF is the chromatic 
dispersion of a standard SMF at the 1550 nm wave- 
length, S SMF is the dispersion slope thereof, Dpcp is the 
chromatic dispersion of a dispersion compensating op- 
tical fiber, and S DCF is the dispersion slope thereof. 
[0004] When the chromatic dispersion at the 1 550 nm 
wavelength of a non-zero dispersion shifted fiber 
(NZDSF) which has a positive small chromatic disper- 
sion at the 1 550 nm wavelength is represented as D DSF , 
and the dispersion slope thereof is represented as S DSF , 
S DSF /D DSF is substantially great as compared with S s _ 
MF /D SMF . Therefore : with a dispersion compensating 
optical fiber for SMF described in the specification of 
Japanese Patent Application Laid-Open No. 6-11620, it 



is impossible to compensate the chromatic dispersion 
of the disp rsion-shifted fiber and reduce the absolute 
magnitude of the cumulative chromatic dispersion of an 
optical transmission line with respect to alt of the wave- 
5 lengths over a wide range that includes the 1550 nm 
wavelength. 

[0005] Also, U.S. Patent No. 5,838,867 discloses a 
technology for reducing the absolute magnitude of the 
cumulative chromatic dispersion at the 1 .55 pm wave- 
to length band of an optical transmission line that is pro- 
duced by connecting a non-zero dispersion shifted fiber 
and a dispersion compensating optical fiber which com- 
pensates the chromatic dispersion and the dispersion 
slope of the non-zero dispersion shifted fiber at the 1550 

15 nm wavelength. However, in order to compensate both 
the chromatic dispersion and the dispersion slope of a 
non-zero dispersion shifted fiber, a long length of dis- 
persion compensating optical fiber for NZDSF is needed 
because the dispersion compensating optical fiber for 

20 NZDSF of U.S. Patent No. 5,838,867 has a small abso- 
lute magnitude of the chromatic dispersion. 
[0006] For example, in the case of the non-zero dis- 
persion shifted fiber described in Literature 1 : S. Bigo, 
et al., "1 .5 Terabit/s WDM transmission of 150 channels 

25 at 1 0 Gbit/s over 4x1 00 km of TeraLight™ fibre", ECOC 
'99, PD (1999), the chromatic dispersion is + 8 
ps»nnrr 1 »knr 1 and the dispersion slope is +- 0.06 
ps»nnr 2 »knrr 1 at the 1 550 nm wavelength. In the case of 
the non-zero dispersion shifted fiber described in Liter- 

30 ature 2: David W. Peckham, et al., "Reduced dispersion 
slope, non-zero dispersion fiber, ECOC '98, pp.139 - 
140 (1998), the chromatic dispersion is + 4 
ps»nrrr 1 »knr 1 and the dispersion slope is + 0.046 
ps»ni7r 2 »knrr 1 at the 1550 nm wavelength. In the case of 

35 the non-zero dispersion shifted fiber described in Liter- 
ature 3: Valeria L. da Silva, et al., "Error free WDM trans- 
mission of 8x1 0 Gbit/s over km of LEAF M Optical Fiber", 
ECOC '97, No.448, pp.154 - 158 (1997) : the zero dis- 
persion wavelength is 1506 nm to1514 nm, and the 

40 chromatic dispersion is about -i- 4 to 5 psmnr 1 - krrr 1 and 
the dispersion slope is about + 0.1 ps^nnr^kiTV 1 at the 
1 550 nm wavelength. To compejisateIb_e_cj3LQmatLcjdLs^_ 
persion of 80 km of non-zero dispersion shifted fibers 
described in these literatures requires 8km to 16 km 

45 lengths of the dispersion compensating optical fiber for 
NZDSF described in U.S. Patent No. 5,838,867. Fur- 
thermore, in such case, it is impossible to sufficiently 
compensate both the chromatic dispersion and the dis- 
persion slope at the same time. 

50 [0007] Generally, a dispersion compensating optical 
fiber for a dispersion -shifted optical fiber is prone to 
leakage of the fundamental mode light at a slight bend 
thereof, and the bending loss of the fundamental mode 
light is large. Therefore, the transmission loss incr ases 

55 when it is formed into a cable and installed, or when it 
is wound on a bobbin to form a dispersion compensating 
module. As a result, in an optical transmission system 
that performs optical communication by allowing light 



2 



BNSDOCID: <EP 11 70604A2_I_> 



3 



EP 1 170 604 A2 



4 



signals to propagate through an optical transmission 
line that is produced by connecting a dispersion-shifted 
optical fiber and a dispersion compensating optical fiber 
for the dispersion-shifted optical fiber, the transmission 
loss is large in the optical transmission line. Accordingly, 
increasing the span of a transmission section (i.e. a dis- 
tance between repeater stations) is not feasible, and it 
is difficult to achieve further increase in capacity of op- 
tical communication. 

Summary of the Invention 

[0008] An object of the present invention is to provide 
a dispersion compensating optical fiber that can, with a 
relatively short length thereof, compensate both the 
chromatic dispersion and the dispersion slope of a non- 
zero dispersion shifted fiber at a wide spectrum band 
that includes the 1550 nm wavelength. Another object 
of the present invention is to provide an optical trans- 
mission line that includes a non-zero dispersion shifted 
fiber and a dispersion compensating optical fiber whose 
transmission loss is relatively small. A further object of 
the present invention is to provide a dispersion compen- 
sating module that compensates both the chromatic dis- 
persion and the dispersion slope of a non-zero disper- 
sion shifted fiber. 

[0009] In order to achieve these objects, an optical fib- 
er that satisfies the following relational expressions is 
provided: 

-250 ps»nm" 1 -km' 1 ^D DCF ^-40 ps»nm" 1 *km~ 1 

0.015 nm' 1 ^S DCF /D DCF ^ 0.030 nm" 1 , 

where D DCF is the chromatic dispersion at the 
1550 nm wavelength and S DCF is the dispersion slope 
thereof. 

[0010] In this optical fiber, the effective area may be 
in a range of from 13u,m 2 to 17pjm 2 , from 17|xm 2 to 
20u,m 2 , or equal to or more than 20p.m 2 at the 1550 nm 
wavelength. The cutoff wavelength may be from 1 .2 jim 
to 1 .8 |im, and the transmission loss may be 0.5 dB/km 
or less at the 1550 nm wavelength. The term "cutoff 
wavelength" as used herein means the cutoff wave- 
length of the LP U mode that is measured in a state 
where an optical fiber of 2 m length is loosely wound 
once at a radius of 140 mm. 

[0011] This optical fiber may have a central core re- 
gion having a first refractive index, a first cladding region 
surrounding the central core region and having a second 
refractive index that is smaller than the first refractive 
index, a second cladding region surrounding the first 
cladding region and having a third refractive index that 
is greater than the second refractive index, and a third 
cladding region surrounding the second cladding region 
and having a fourth refractive index that is smaller than 



the third refractive index. In this case, the variation of 
the ratio (Sqcp/Dqcp) may be equal to or less than 10 
% when the outer diameter of the central core region is 
altered by 2 % while the ratios of the outer diameters 

5 between the respective regions (the central core region, 
first cladding region, second cladding region and third 
cladding region) are kept constant. The region of the 
outermost layer may be silica glass doped with F ele- 
ment, P element or CI element. 

10 [0012] Moreover, an optical transmission line is pro- 
vided which is installed at a transmission section by con- 
necting the above-mentioned optical fiber and a disper- 
sion-shifted optical fiber whose chromatic dispersion is 
in the range of +2 ps»nnrr 1 H<nr 1 to +1 0 ps^nm-^knrr 1 at 

15 the 1 550 nm wavelength and whose dispersion slope is 
in the range of +0.04 ps»niTr 2 *km- 1 to +0.12 
ps»nm- 2 »km- 1 at the 1550 nm wavelength. This optical 
transmission line may have a multiplexer/demultiplexer 
that introduces pump light for Raman amplification, and 

20 the deviation of the average chromatic dispersion may 
be equal to or less than 0.2 ps»nnr 1 »km- 1 at a wave- 
length ranging from 1535 nm to 1560 nm. 
[0013] In addition, a dispersion compensating module 
containing an optical fiber in acoil form is provided. Such 

25 coil may have an arbor or no arbor in it. In the latter case, 
the coil may be fixed by filling the inner space of the 
module with a resin. 

[0014] Tne above and further objects and novel fea- 
tures of the invention will be more fully clarified from the 
30 following detailed description when the same is read in 
connection with the accompanying drawings. It is to be 
expressly understood, however, that the drawings are 
for the purpose of illustration only and are not intended 
as a definition of the limits of the invention. 

35 

Brief Description of the Drawings 
[0015] 

40 Figure 1 is a schematic diagram of an optical trans- 
mission system that includes the optical transmis- 
sion line according to one embodiment of the 
present invention. 

Figure 2 is a schematic diagram of an optical trans- 
45 mission system where a dispersion-shifted optical 
fiber is installed as an optical transmission line and 
a dispersion compensating optical fiber is provided 
inside a station as a dispersion compensating mod- 
ule. 

50 Figure 3 depicts a first preferable example of the 
refractive index profile of a dispersion compensat- 
ing optical fiber according to one embodiment of the 
present invention. 

Figure 4 depicts a second preferable example of the 
55 refractive index profile of a dispersion compensat- 
ing optical fiber according to one embodiment of the 
present invention. 

Figure 5 depicts a third preferable xample of the 
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refractive index profile of a dispersion compensat- 
ing optical fiber according to one embodiment of the 
present invention. 

Figure 6 is a graph showing the relationship be- 
tween the chromatic dispersion and the dispersion 
slope of the first example of the dispersion compen- 
sating optical fiber when the outer diameter 2a of 
the central core region is altered while the ratios be- 
tween the outer diameters of respective regions are 
kept constant. 

Figure 7 is a graph showing the relationship be- 
tween the chromatic dispersion and the dispersion 
slope of the second example of the dispersion com- 
pensating optical fiber when the outer diameter 2a 
of the central core region is altered while the ratios 
between the outer diameters of respective regions 
are kept constant. 

Figure 8 is a graph showing the relationship be- 
tween the chromatic dispersion and the dispersion 
slope of the third example of the dispersion com- 
pensating optical fiber when the outer diameter 2a 
of the central core region is altered while the ratios 
between the outer diameters of respective regions 
are kept constant. 

Figure 9 is a graph showing the relationship be- 
tween the wavelength and the bending loss at the 
bend diameter of 140 mm $ of each example of the 
dispersion compensating optical fiber 
Figure 10 is a graph showing the relationship be- 
tween the wavelength and the chromatic dispersion 
of the dispersion compensating optical fiber of each 
example. 

Figure 11 is a graph showing the relationship be- 
tween the wavelength and the chromatic dispersion 
of the optical transmission line that is produced by 
connecting the dispersion compensating optical fib- 
er of each example and a dispersion-shifted optical 
fiber. 

Figure 1 2 depicts the relationship between the com- 
position and the refractive index profile of the first 
example of the dispersion compensating optical fib- 



er; 

Figure 1 3 is a schematic diagram of another consti- 
tution of an optical transmission system that in- 
cludes the optical transmission line according to 
one embodiment of the present invention. 
Figure 1 4 is a sectional view of the dispersion com- 
pensating optical fiber according to one embodi- 
ment of the present invention. 

Description of the Preferred Embodiments 

[0016] In the following, preferred embodiments of the 
present invention will be explained in detail with refer- 
ence to the accompanying drawings. To facilitate the 
comprehension of the explanation, the same reference 
numerals denote the same parts, where possible, 
throughout the drawings, and a repeated explanation 



will be omitted. The dimensions in the drawings are part- 
ly exaggerated and do not always correspond to actual 
ratios of dimensions. 

[0017] Figure 1 is a schematic diagram of an optical 

5 transmission system 1 that includes an optical transmis- 
sion line 30 according to one embodiment of the present 
invention. The optical transmission system 1 is com- 
posed of the optical transmission line 30 that is installed 
at a transmission section between a station (a transmit- 

10 ting station or repeater station) 1 0 and a station (a re- 
ceiving station or repeater station) 20. The optical trans- 
mission line 30 comprises a dispersion -shifted optical 
fiber 31 and a dispersion compensating optical fiber 32 
that are fusion-spliced together. In the optical transmis- 

15 sion system 1 , light signals of multi-wavelengths in the 
1 .55u,m wavelength band that have been emitted from 
the station 10 propagate through the dispersion-shifted 
optical fiber 31 and the dispersion compensating optical 
fiber 32, and reach the station 20, where they are re- 

20 ceived, or optically amplified and discharged to the 
downstream. 

[0018] The dispersion-shifted optical fiber 31 is anon- 
zero dispersion shifted fiber having a chromatic disper- 
sion in the range of about + 2ps»nrTr 1 *krrr 1 to + 10 

25 ps»nm* 1 »km- 1 at the 1550 nm wavelength. The disper- 
sion-shifted optical fiber 31 has a dispersion slope S DSF 
in the range of +0.04ps»nrrr 2 »krrr 1 to +0.12 
ps»nrrr 2 »knr 1 at the 1550 nm wavelength and its trans- 
mission loss is about 0.2 dB/km. 

30 [0019] The dispersion compensating optical fiber 32 
according to the present embodiment is a silica-based 
optical fiber that compensates both the chromatic dis- 
persion and the dispersion slope of the dispersion-shift- 
ed optical fiber 31 at the 1550 nm wavelength. The dis- 

35 persion compensating optical fiber 32 has a chromatic 
dispersion D^p in the range of -250 ps»nnY 1 »krrr 1 to 
-40 ps»nnr 1 » km" 1 at the 1550 nm wavelength. The ratio 
(Sdcf^dcf) of tne chromatic dispersion D^p and the 
dispersion slope S^p is 0.01 5/nm to 0.030/nm. The dis- 

40 persion compensating optical fiber 32 has an effective 
area equal to or more than 1 3|im 2 at the 1 550 nm wave- 

length. lts~cutoff wavelengthis-lT2urrrrto 1.8 u.mrand- 

preferably 1 .4u.m to 1 .8 jim. The transmission loss is 0.5 
dB/km or less at the 1550 nm wavelength. 

45 [0020] The dispersion compensating optical fiber 32 
having such characteristics enables a short length 
thereof to compensate the chromatic dispersion and the 
dispersion slope of the dispersion-shifted optical fiber 
31 over a wide spectrum band that includes the 1550 

so nm wavelength. The dispersion compensating optical 
fiber 32 can also restrain the occurrence of four- wave 
mixing as well as the waveform degradation of propa- 
gating light signals because it has the chromatic disper- 
sion in the numerical range as set forth above and the 

55 effective area is also sufficiently large. Also, the disper- 
sion compensating optical fiber 32 can restrain the in- 
crease of bending loss because the cutoff wavelength 
is within the numerical range as set forth above. Fur- 
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thermore, the transmission loss is within the numerical 
range described above. Therefore, even when the dis- 
persion compensating optical fiber 32 is formed into a 
cable, the optical transmission line 30 yields relatively 
smalt loss. 

[0021 ] Especially, if the effective area at the 1 550 nm 
wavelength is in the range of 1 3u.m 2 to 1 7p.m 2 the dis- 
persion compensating optical fiber 32 can restrain the 
occurrence of the four-wave mixing that causes the 
waveform degradation of propagating light signals. Al- 
so, it can be used in the form of either a module or a 
cable because its bending loss is small. If the effective 
area is in the range of 17pm 2 to 20ujn 2 the dispersion 
compensating optical fiber 32 can sufficiently restrain 
the waveform degradation of light signals and can be 
used as a module. If the effective area is equal to or 
more than 20u.m 2 the dispersion compensating optical 
fiber 32 can restrain the waveform degradation of light 
signals more sufficiently. The dispersion compensating 
optical fiber 32 can be used in a module having a special 
structure in which bending loss does not easily occur. 
For example, it can be used for a module that is suitable 
for including a coil of relatively large bending radius or 
module that includes a coil without an arbor and fixed 
therein with a resin. 

[0022] The optical transmission line 30, which is pro- 
duced by connecting the dispersion-shifted optical fiber 
31 and the dispersion compensating optica! fiber 32 at 
a ratio of length that lessens the absolute magnitude of 
the total average chromatic dispersion at 1550 nm, has 
a total average dispersion slope of relatively small ab- 
solute magnitude at the 1550 nm wavelength. Accord- 
ingly, the optical transmission line 30 has a total average 
chromatic dispersion of decreased absolute magnitude 
at the wide spectrum band that includes the 1550 nm 
wavelength. The average transmission loss of the opti- 
cal transmission line 30 as a whole is also decreased. 
As for the average chromatic dispersion of the whole 
optical transmission line 30, the ainerence beiween the 
maximum value and the minimum value preferably is 
equal to or less than 0.4 ps-nnrr 1 km* 1 in the spectrum 
band of 1535 nm to 1560 nm ( C-band ), and more pref- 
erably is equal to or less than 0.4 ps*nrTV 1 »knrr 1 in the 
spectrum band of 1535 nm to 1600 nm (C-band and L 
band). The optical transmission system 1 that performs 
optical communication by allowing light signals to prop- 
agate through the optical transmission line 30 can 
achieve optical transmission in the transmission dis- 
tance of 400 km with high bit rates such as 40Gbit/s in 
a wide spectrum band (a spectrum band that includes 
at least C-band, and moreover, L band as well) that in- 
cludes the 1550 nm wavelength, since the absolute 
magnitude of the average chromatic dispersion as well 
as the average transmission loss of the optical transmis- 
sion line 30 is relatively small. Therefore, the span of a 
transmission section can be elongated in the optical 
transmission system 1 , and it is possible to achieve fur- 
ther increase in the capacity of optical communication. 



[0023] Figure 2 is a schematic diagram of an optical 
transmission system 2, where the dispersion -shifted op- 
tical fiber 31 is installed as an optical transmission line, 
and the dispersion compensating optical fiber 32 is 

5 placed inside the station 20 as a dispersion compensat- 
ing module. In the optical transmission system 2, the dis- 
persion-shifted optical fiber 31 is installed as an optical 
transmission line at a transmission section between the 
station (a transmitting station or repeater station) 1 0 and 

10 the station (a receiving station or repeater station) 20. 
In the optical transmission system 2, light signals of mul- 
ti-wavelengths in the 1.55u.m wavelength band that 
have been emitted from the station 10 propagate 
through the dispersion-shifted optical fiber 31 which is 

15 an optical transmission line, and reach the station 20, 
where they are optically amplified by an optical amplifier 
21 , and are compensated for the dispersion by the dis- 
persion compensating optical fiber 32 as a dispersion 
compensating module, and further optically amplified by 

20 an optical amplifier 22, and then are received there or 
discharged to the downstream. 

[0024] In the optical transmission system 2, the dis- 
persion compensating optical fiber 32 is in a coil form 
contained in a module placed inside the station 20. The 
25 coil may have an arbor or no arbor in it. In the latter case, 
the coil may be fixed by filling the inner space of the 
module with a resin. 



[0025] As i 



hie dispersion compensating 



optical fiber 32 of the optical transmission system 1 , the 
30 dispersion compensating optical fiber 32 of the optical 
transmission system 2 can compensate both the chro- 
matic dispersion and the dispersion slope of the disper- 
sion-shifted optical fiber 31 at a short length in a wide 
spectrum band that includes a 1550 nm wavelength. It 
35 can also restrain the occurrence of four-wave mixing, 
the waveform degradation of propagating light signals, 
and the increase of bending loss. Moreover, the disper- 
sion compensating optical fiber 32 yields low loss even 

if i t is conta i ned in a module. 

40 [0026] Also, in the optical transmission system 2, as 
in the case of the optical transmission system 1 , the part 
consisting of the dispersion-shifted optical fiber 31 and 
the dispersion compensating optical fiber 32 has a de- 
creased absolute magnitude of the average chromatic 
45 dispersion in a wide spectrum band that includes the 
1550 nm wavelength, and the average transmission 
loss also is small if these fibers are connected at a ratio 
of length such that the absolute magnitude of the total 
average chromatic dispersion decreases at 1550 nm. 
50 The difference between the maximum and minimum val- 
ue of the average chromatic dispersion of such part pref- 
erably is equal to or less than 0.4 ps»nm 1 »knr 1 in the 
spectrum band of 1535 nm to 1560 nm (C-band), and 
more preferably is equal to or less than 0.4 ps»nnr 1 »knr 1 
55 jn the spectrum band of 1 535 nm to 1 600 nm (C-band 
and L band). 

[0027] The dispersion compensating optical fiber 32 
as a dispersion compensating module yields a total loss 
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preferably equal to or less than 7 dB in the spectrum 
band of 1535 nm to 1565 nm (C-band), and more pref- 
erably equal to or less than 7 dB in the spectrum band 
of 1 535 nm to 1 61 0 nm (C-band and L band) when the 
dispersion compensating quantity is -640 ps/nm at the 
1550 nm wavelength. Also, the dispersion compensat- 
ing optical fiber 32 as a dispersion compensating mod- 
ule yields total loss preferably equal to or less than 3 dB 
in the spectrum band of 1535 nm to 1565 nm (C-band), 
and more preferably equal to or less than 3 dB in the 
spectrum band of 1535 nm to 1610 nm (C-band and L 
band) when the dispersion compensating quantity at the 
1 550 nm wavelength is -320 ps/nm. 
[0028] The optical transmission system 2 has a rela- 
tively small average transmission loss and a small ab- 
solute magnitude of the average chromatic dispersion, 
and can transmit light at a high bit rate in a wide spec- 
trum band (spectrum band that includes at least C-band, 
and moreover L-band as well) that includes the 1 550 nm 
wavelength. Therefore, the optical transmission system 
2 enables the lengthening of a transmission section and 
the increase of the capacity of optical communication. 
[0029] Figure 3 depicts a first preferable example of 
a refractive index profile of a dispersion compensating 
optical fiber according to one embodiment of the present 
invention. A dispersion compensating optical fiber hav- 
ing the refractive index profile shown in Fig. 3 has a cen- 
tral core region (maximum refractive index n 1s outer di- 
ameter 2a) that includes the center of optical axis, a first 
cladding region (refractive index n 2 , outer diameter 2b) 
that surrounds the central core region , a second clad- 
ding region (refractive index n 3 , outer diameter 2c) that 
surrounds the first cladding region, and a third cladding 
region (refractive index n 4 ) that surrounds the second 
cladding region. The dimensional relationship between 
the respective refractive indexes is n 2 < n 4 < n 3 < n v 
Preferably, the relative refractive index difference An., of 
the central core region is 0.8% to 2.0 % : and the relative 
refractive index difference An 2 of the first cladding re- 
gion is equal to or less than -0.4 %, on the basis of the 
refractive index n 4 of the third cladding region. The rel- 
_ ative"refractiveindex difference of the second cladding- 
region is represented as An 3 on the basis of the refrac- 
tive index n 4 of the third cladding region. Such a refrac- 
tive index profile can be produced by using the known 
VAD, OVD, MCVD and PCVD methods in combination. 
[0030] Such a refractive index profile enables a dis- 
persion compensating optical fiber to have a chromatic 
dispersion Dpcp in the range of -250 psmnr 1 »krrr 1 to- 
40 ps»nnrr 1 *knr 1 , a ratio (Sdcf/Ddcf) in tne range of 
0.015 nm* 1 to 0.030 nm' 1 , an effective area of 1 3pm 2 or 
more, a cutoff wavelength in the range of 1 .2 pm to 
1 .8pm, transmission loss equal to or less than 0.5 dB/ 
km, at the 1550 nm wavelength. A dispersion compen- 
sating optical fiber having such a refractive index profile 
is mainly made of silica glass, and preferably doped 
with, for example, Ge0 2 in both the central core region 
and the second cladding region, and F element in the 



first cladding region. Also, the third cladding region is 
preferably doped with F element, P element or CI ele- 
ment. In this manner, the refractive index profile shown 
in Fig. 3 can be obtained, and the transmission loss of 

5 the dispersion compensating optical fiber can be re- 
duced at the 1550 nm wavelength. 
[0031] For example, if the dispersion compensating 
optical fiber of the first example is designed to satisfy: 
2a/2c =0.18, 2b/2c = 0.56, 2c = 21 .0pm, A^ = +1 .6 %, 

10 An 2 = -0.5 %, An 3 = +0.2 %, then, at the 1 550 nm wave- 
length the dispersion compensating optical fiber of the 
first example has the chromatic dispersion D DCF of-1 05 
psmm-^knY 1 . the dispersion slope S DSF of - 1.97 
ps»nrrr 2 »km-\ the ratio (Sdcp/Dqcf) of 0.01 9/nm, the 

15 effective area of 1 7um 2 , the bending loss of 1 . 1 dB/m at 
the bend diameter of 20 mm 0, and the cutoff wavelength 
of 1.57pm. 

[0032] Figure 4 depicts a second preferable example 
of the refractive index profile of the dispersion compen- 

20 sating optical fiber according to one embodiment of the 
present invention. The dispersion compensating optical 
fiber having the refractive index profile shown in Fig. 4 
has an outer diameter 2d in the third cladding region of 
the dispersion compensating optical fiber having the re- 

25 tractive index profile of the first preferable example, and 
has a fourth cladding region (refractive index n 5 ) that 
surrounds the third cladding region. The dimensional re- 
lationship of the respective refractive indexes is n 1 > n 2 , 
n 2 < n 3 , n 3 > n 4 , and n 4 < n 5 . Also, on the basis of the 

30 refractive index n 5 of the fourth cladding region, prefer- 
ably the relative refractive index difference An 1 of the 
central core region is in the range of 0.8% to 2.0 %, and 
the relative refractive index difference An 2 of the first 
cladding region is equal to or less than -0.4 %. The rel- 

35 ative refractive index difference of the second cladding 
region is represented as An 3 , and the relative refractive 
index difference of the third cladding region is represent- 
ed as An 4 in reference to the refractive index n 5 of the 
fourth cladding region. 

40 [0033] The dispersion compensating optical fiber hav- 
ing such refractive index profile is mainly made of silica 

glas s, and ^re ferab l y do ped-wifo, f o r e x amp l e, GeQ 2 i n 

both the central core region and the second cladding 
region, F element in both the first cladding region and 

45 the third cladding region, and F element, P element or 
CI element in the fourth cladding region. For example, 
for the dispersion compensating optical fiber of a second 
example, assuming: 2a/2d = 0.15, 2b/2d = 0.48, 2c/2d 
= 0.88, 2d = 24.6pm, A^ = +1 .6%, An 2 = -0.5%, A n 3 = 

so +o.2 % : An 4 = -0.1 %, then, at the 1550 nm wavelength 
the dispersion compensating optical fiber of the second 
example has the chromatic dispersion D DCF of -130 
ps»nm" 1 »km -1 , the dispersion slope S DSF of - 2.39 
ps»nm- 2 »km- 1 , the ratio {S^D^) of 0.01 8/nm, the ef- 

55 fective area of 1 8pm 2 , the bending loss of 2.0 dB/m at 
the bend diameter of 20 mm <|>, the cutoff wavelength of 
1 .51pm, and the transmission loss of 0.3B dB/km. 
[0034] Figure 5 depicts a third preferable example of 
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the refractive index profile of the dispersion compensat- 
ing optical fiber according to one mbodiment of the 
present invention. The dispersion compensating optical 
fiber having the refractive index profile shown in Fig. 5 
has an outer diameter 2e in the fourth cladding region 5 
of the dispersion compensating optical fiber having the 
refractive index profile of the second preferable exam- 
ple, and has a fifth cladding region (refractive index n 6 ) 
that surrounds the fourth cladding region. The dimen- 
sional relationship of the respective refractive indexes 
is n 1 > n 2 , n 2 < n 3 , n 3 > n 4 , n 4 < n 5 , and n 5 > n 6 . Also, 
on the basis of the refractive index n 6 of the fifth cladding 
region, preferably the relative refractive index difference 
An-, of the central core region is 0.8% to 2.0 %, and the 
relative refractive index difference An 2 of the first clad- 
ding region is equal to or less than -0.4 %. The relative 
refractive index difference of the second cladding region 
is represented as An 3 , the relative refractive index dif- 
ference of the third cladding region is represented as 
An 4 , and the relative refractive index difference of the 
fourth cladding region is represented as An 5 in reference 
to the refractive index n 6 of the fifth cladding region. 
[0035] The dispersion compensating optical fiber hav- 
ing such refractive index profile is mainly made of silica 
glass, and preferably doped with, for example, Ge0 2 in 
the central core region, the second cladding region, and 
the fourth cladding region, respectively, F element in the 
first cladding region, and F element, P element or C\ el- 
ement in both the third cladding region and the fifth clad- 
ding region. 

[0036] For example, for the dispersion compensating 
optical fiber of the third example, assuming: 2a/2e = 
0.1 7, 2b/2e = 0.48, 2c/2e = 0.83, 2d/2e = 0.95 : 2e = 24.7 
u.m : An 1 = +1 .6 %, An 2 = -0.5 %, An 3 = +0.2 %, An 4 = 0 
%, An 5 = +0.1 %, then, at the 1550 nm wavelength, the 
dispersion compensating optical fiber of the third exam- 
ple has the chromatic dispersion D DCF of-111 ps»nrrr 1 » 
km -1 , the dispersion slope S DSF of - 2.01 ps^nnrr^km' 1 , 
the ratio (^Dcp/Dr^p) ot u.uiB/nm, the effective area of 
18|im 2 , the bending loss of 6.0 dB/m at the bend diam- 
eter of 20 mm the cutoff wavelength of 1 .53 ujti, and 
the transmission loss of 0.44 dB/km. 
[0037] Next, the characteristics of the dispersion com- 
pensating optical fiber of each example will be further 
explained with reference to Figs. 6 to 11 . Figures 6, 7, 
and 8 are graphs showing the relationship between the 
chromatic dispersion and the dispersion slope of the dis- 
persion compensating optical fibers of the first, second, 
and third examples, respectively, when the outer diam- 
eter 2a of the central core region is altered while the 
ratios between the outer diameters of the respective re- 
gions are kept constant. With respect to the dispersion 
compensating optical fiber of the first example, when the 
outer diameter 2a of the central core region changes 
from 3.8 u,m by 25 %, the variation of the ratio (S DCF / 
D DCF ) is 9.5 %. As to the dispersion compensating op- 
tical fiber of the second example, when the outer diam- 
eter 2a of the central core region changes from 3.7 |im 



by 30 %, the variation of the ratio (S^p/Dccp) is 9.6 %. 
As for the dispersion compensating optical fiber of the 
third example, when the outer diameter 2a of the central 
core region changes from 4.2 pun by 25 %, the variation 
of the ratio (Socp/Docp) is 9.2 %. 
[0038] In the dispersion compensating optical fiber of 
each example, the variation of the ratio (S DCF /D DC p) is 
equal to or less than 1 % when the variation of the outer 
diameter of the central core region is 2 %, as described 
above, and hence this facilitates the manufacture of a 
dispersion compensating optical fiber having a desired 
dispersion characteristic. If the variation of the ratio (Sq. 
qp/Dqqp) is equal to or less than 1 0 % when the variation 
of the outer diameter of the central core region is 2 % 
while the ratios of the outer diameters of the respective 
regions are kept constant, it is easy to manufacture a 
dispersion compensating optical fiber having a desired 
dispersion characteristic. 

[0039] Figure 9 is a graph showing the relationship 
between the wavelength and the bending loss at the 
bend diameter 140 mm (|> with respect to the respective 
examples of the dispersion compensating optical fiber. 
As can be seen in Fig. 9, for all examples of the disper- 
sion compensating optical fiber, the bending loss at 
bend diameter 140 mm <J> is very small in the 1 .55 jxm 
wavelength band which is the spectrum band of the light 
signal. 

[0040] Figure 10 is a graph showing the relationship 
between the wavelength and the chromatic dispersion 
of respective examples of the dispersion compensating 
optical fiber. This figure also shows the relationship be- 
tween the wavelength and the chromatic dispersion of 
a dispersion-shifted optical fiber (NZDSF). This disper- 
sion-shifted optical fiber has the chromatic dispersion 
Dqsp of +4.5 ps«nm- 1 »knr 1 at the 1550 nm wavelength 
and the dispersion slope S DSF of +0.072 ps»nnrr 2 »km- 1 . 
[0041] Figure 11 is a graph showing the relationship 
between the wavelength and the chromatic dispersion 
of the opt i cal Uans rni ss i o n li ne that compr ises the d i s - 
persion-shifted optical fiber connected to the dispersion 
compensating optical fiber of each example. The disper- 
sion-shifted optical fiber that is assumed here has the 
chromatic dispersion characteristics shown in Fig. 10. 
As can be seen in Fig. 11 , the absolute magnitude of the 
chromatic dispersion as well as the absolute magnitude 
of the dispersion slope of the optica! transmission line 
is very small at the 1550 nm wavelength in all examples 
of the dispersion compensating optical fiber. The devi- 
ation of the chromatic dispersion of the optical transmis- 
sion line is equal to or less than ±0.2 ps^nm 1 »knr 1 in 
the wavelength range of 1535 nm to 1560 nm in all ex- 
amples of the dispersion compensating optical fiber. 
[0042] Next, the composition of the first example of 
the dispersion compensating optical fiber will be further 
explained. Figure 12 depicts the relationship between 
the refractive index profile and the composition of the 
first example of the dispersion compensating optical fib- 
er. In the refractive index profile shown in each of Figs. 
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12A to 12C, the relative refractive index differences of 
the central core region, first cladding region and second 
cladding region based on the refractive index n 4 of the 
third cladding region are the same as those shown in 
Fig. 3. However, in reference to the refractive index of 
pure silica glass shown by a broken line in Fig. 1 2, there 
are possibly various modes of relative refractive index 
differences of the respective regions according to the 
composition of the regions. In the following, the relative 
refractive index difference An n of the central core region, 
the relative refractive index difference An 2 of the first 
cladding region, the relative refractive index difference 
An 3 of the second cladding region, and the relative re- 
fractive index difference An 4 of the third cladding region 
are expressed on the basis of the refractive index of pure 
silica glass as a standard. 

[0043] The refractive index profile shown in Fig. 12A 
is obtained by adding the following elements to the re- 
spective regions made of silica glass as a base: Ge0 2 
to the central core region to attain the relative refractive 
index difference An n of +1 .41 % : F element to the first 
cladding region to attain the relative refractive index dif- 
ference of An 2 of -0.69 %, CI element to the second clad- 
ding region to attain the relative refractive index differ- 
ence An 3 of +0.01 %,and F element to the third cladding 
region to attain the relative refractive index difference A 
n 4 of -0.19 %. The transmission loss of the dispersion 
compensating optical fiber having such refractive index 
profile is 0.30 dB/km. 

[0044] - The refractive index profile shown in Fig. 12B 
is obtained by adding the following elements to the re- 
spective regions made of silica glass as a base: Ge0 2 
to the central core region to attain the relative refractive 
index difference An 1 of +1 .62 % ; F element to the first 
cladding region to attain the relative refractive index dif- 
ference An 2 of -0.48 %, GeO a to the second cladding 
region to attain the relative refractive index difference 
An 3 of +0.22 %, and CI element to the third cladding re- 
gion to attain the relative refractive index difference A 
n 4 of +0.02 %. The transmission loss of the dispersion 
compensating optical fiber having such refractive index 

profile is 0.35 dB/km: 

[0045] The refractive index profile shown in Fig. 12C 
is obtained by adding elements tothe respective regions 
made of silica glass as a base as follows: Ge0 2 to the 
central core region to attain the relative retractive index 
difference An! of +1.60%, F element to the first cladding 
region to obtain the relative refractive index difference 
An 2 of -0.50 %, Ge0 2 to the second cladding region to 
attain the relative refractive index difference An 3 of 
+0.20 %, and no element to the third cladding region to 
attain the relative refractive index difference An 4 of 0 %. 
The transmission loss of the dispersion compensating 
optical fiber having such refractive index profile is 0.39 
dB/km. 

[0046] The comparison between the compositions 
and the transmission loss in the respective examples 
shown in Figs. 12A to 12C lead to the following conclu- 
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sion. That is, the transmission loss of the dispersion 
compensating optical fiber is smaller in the case (Fig. 
12B) where CI element is added to the third cladding 
region than the case (Fig. 1 2C) where the third cladding 
region at the outermost layer is pure silica, and the case 
(Fig. 1 2A) where F element is added to the third cladding 
region is the smallest. Also, the transmission loss de- 
creases when P element is added to the third cladding 
region at the outermost layer, which is not illustrated. 
This is because, when an optical fiber preform is drawn 
into a dispersion compensating optical fiber, the viscos- 
ity at the outermost layer that accounts for most of the 
optical fiber preform decreases, thereby allowing the 
drawing temperature to be made relatively low. De- 
creasing the drawing temperature leads to the lessening 
of thermal fluctuation, which results in the reduction of 
flaws such as GeO caused by the pyrolysis of Ge0 2 that 
is added to the central core region. This results in the 
decrease of transmission loss. Especially, when F ele- 
ment is added to the third cladding region at the outer- 
most layer, the transmission loss is reduced because 
less Ge0 2 is added to the central core region through 
which much of the optical power propagates. 
[0047] Next, the other composition of the optical 
transmission system that includes the optical transmis- 
sion line according to one embodiment of the present 
invention will be explained. Figure 13 is a schematic di- 
agram of another constitution of the optical transmission 
system that includes the optical transmission line ac- 
cording to the present embodiment. The optical trans- 
mission system 3 shown in this figure is equipped with 
a pump light supplying means for Raman amplification 
that consists of a pump light source 23 for Raman am- 
plification and an optical multiplexer/demultiplexer24 in- 
side the station 20 of the optical transmission system 1 
shown in Fig. 1 . The pump light source 23 for Raman 
amplification outputs pump light for Raman amplifica- 
tion, and the optical multiplexer/demultiplexer 24 sup- 
plies the pump light for Raman amplification that has 
been output from the pump light source 23 for Raman 
amplification to the dispersion compensating optical fib- 
Q r qo if th o M nht gjfinal ift in t h e 1 5 5 um wav e lenc " 
band, the wavelength of the pump light for Raman am- 
plification is about 1.45 jim. The optica! multiplexer/de- 
multiplexer 24 may be made of an optical fiber coupler, 
planer waveguides, or an interference filter and lens. 
[0048] In the optical transmission system 3, the light 
signals of multi-wavelengths in the 1 .55 ujti wavelength 
that have been emitted from the station 10 propagat 
through the dispersion-shifted optical fiber 31 and the 
dispersion compensating optical fiber 32 in the enumer- 
ated order, and reach the station 20, where they pass 
through the optical multiplexer/demultiplexer 24 to b 
received, or optically amplified in the station 20 to be 
discharged to the downstream. When the light signals 
propagate through the dispersion compensating optical 
fiber 32, they are Raman-amplified by the pump light for 
Raman amplification to be supplied to the dispersion 
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compensating optical fiber 32. 

[0049] Generally, the dispersion compensating opti- 
cal fiber has high nonlinearity compared to the disper- 
sion-shifted optical fiber. Therefore, as in the optical 
transmission system 3, by supplying pump light for Ra- 
man amplification to the dispersion compensating opti- 
cal fiber 32 whose nonlinearity is comparatively high, 
light signals can be amplified by the stimulated Raman 
effect efficiently over the wide wavelength range. 
[0050] Next, a more preferable mode of the dispersion 
compensating optical fiber according to one embodi- 
ment of the present invention will be explained. Figure 
14 is a sectional view of the dispersion compensating 
optical fiber according to the present embodiment. The 
dispersion compensating optical fiber 32 shown in this 
figure is such that, in the refractive index profile shown 
in Fig. 3 as a preferable example, two stress-giving parts 
32e which are means for maintaining the polarization 
mode of propagating light are provided in the third clad- 
ding region 32d at the outermost layer. The central core 
region 32a, the first cladding region 32b, and the second 
cladding region 32c are positioned between the stress- 
giving parts 32e. The two stress-giving parts 32e are 
composed of B 2 0 3 -Si0 2 , for example, and are continu- 
ously provided longitudinally. The stress-giving parts 
32e afford the dispersion compensating optical fiber 32 
anisotropic stress to cause birefringence, and thereby 
maintain the polarization mode of propagating light. Pro- 
viding the stress -giving parts 32e can restrain the oc- 
currence of random coupling between the polarization 
modes of light signals propagating through the disper- 
sion compensating optical fiber 32. Accordingly, the de- 
terioration of the transmission quality can be restrained. 



Claims 



5. An optical fiber according to Claim 1, wherein the 
cutoff wavelength is in the range of 1 .2um to 1 .8u.m. 

6. An optical fiber according to Claim 1, wherein the 
5 transmission loss is 0.5 dB/km or less at the 1550 

nm wavelength. 

7. An optical fiber according to Claim 1 , which is pro- 
vided with: 

10 

a central core region having a first refractive in- 
dex, 

a first cladding region surrounding said central 
core region and having a second refractive in- 
15 dex which is smaller than said first refractive in- 

dex, 

a second cladding region surrounding said first 
cladding region and having a third refractive in- 
dex which is greater than said second refractive 
20 index, and 

a third cladding region surrounding said second 
cladding region and having a fourth refractive 
index which is smaller than said third refractive 
index. 

25 

8. An optical fiber according to Claim 7, wherein the 
relative refractive index difference of said center 
core region is in the range of 0.8% to 2.0 % in ref- 
erence to the refractive index of the outermost layer 

30 region as a standard. 

9. An optical fiber according to Claim 7, wherein the 
relative refractive index difference of said first clad- 
ding region is equal to or less than -0.4 % in refer- 

35 ence to the refractive index of the outermost layer 
as a standard. 



1. An optical fiber whose chromatic dispersion D DCF 10. 

and dispersion slope S DCF satisfy the following re- 

lational expressions at the 1550 nm wavelength: 40 



-250 ps»nm" 1 »km" 1 



= d dcf — ps»nm" 1 «km" 1 



An optical fiber according to Claim 7, wherein the 
variation of ratio (S pcF/Dpcp) i s equal tu o r l ess tha n 
1 0 % when the outer diameter of said central core 
region is altered by 2 % while the ratios of the re- 
spective outer diameters of said regions are kept 
constant. 



-1 .1 45 

0.015 nm ^ s dcf /d dcf = 0 030 nm 

2. An optical fiber according to Claim 1 . wherein the 
effective area is in the range of 1 3 u,m 2 to 1 7 jxm 2 

at the 1550 nm wavelength. so 

3. An optical fiber according to Claim 1 . wherein the 
effective area is in the range of 17 |im 2 to 20 u^m 2 
at the 1550 nm wavelength. 

55 

4. An optical fiber according to Claim 1 : wherein the 
effective area is equal to or more than 20 u.m 2 at the 
1550 nm wavelength. 



11. An optical fiber according to Claim 7, wherein said 
optical fiber is made of silica glass as the main com- 
ponent and the outermost layer region is doped with 
any of F element, P element or CI. 

12. An optical fiber according to Claim 1 , which is pro- 
vided with a means for maintaining the polarization 
mode of propagating light. 

13. An optical transmission line that is installed at a 
transmission section by connecting an optical fiber 
and a dispersion-shifted optical fiber, 

said optical fiber having a chromatic disper- 
sion D DCF and a dispersion slope S DCF that satisfy 
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the following relationship at the 1550 nm wave- 
length: 

-250 ps^nm" 1 »km" 1 ^ D DCF ^ -40 ps»nm' 1 »km' 1 5 

0.015 nm" 1 s S DCF /D DCF ^ 0.030 nm' 1 , 

said dispersion -shifted optical fiber having a to 
chromatic dispersion in the range of +2 
ps^nrrr^km- 1 to +1 0 ps»nnT 1 »krrr 1 and a dispersion 
slope in the range of + 0.04 psmm-^knr 1 to +0.12 
ps^nrrr^km' 1 at the 1550 nm wavelength. 

15 

14. An optical transmission line according to Claim 13, 
wherein a multiplexer/demultiplexer that introduces 
pump light for Raman amplification is provided. 

15. An optical transmission line according to Claim 13, 20 
wherein the deviation of the average chromatic dis- 
persion is ±0.2 ps*nnrr 1 -knr 1 or less at a wavelength 

in the range of 1535 nm to 1560 nm. 

16. A dispersion compensating module, which is com- 25 
posed of an optical fiber wound in a coil form, said 
optical fiber having a chromatic dispersion Dqqp 
and a dispersion slope S DCF that satisfy the follow- 
ing relationship at the 1550 nm wavelength: 

30 

-250 psmrrf 1 »km" 1 ^ Dj^p ^ -40 ps»nm" 1 H<m* 1 

0.015 nm" 1 ^ Snrp/Dnpc ^ 0.030 nm" 1 . ^ 
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FIG. 9 
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FIG. 13 
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